Dissipation enhancement due to a single vortex reconnection in superfluid helium 
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We investigate a single vortex reconnection event in superfluid helium at finite temperatures by using the 
vortex filament model. After the reconnection Kelvin waves are induced on vortices which strongly increase 
the energy dissipation. We evaluate this extra mutual friction dissipation and show that the dissipation power 
has a universal form which can be obtained when scaling the time (measured from the reconnection event) and 
the power by the mutual friction parameter a. This observation indicates that the Kelvin- wave cascade is not 
important in the energy dissipation process, at least within the parameter range used here, e.g. a > lO^"*. More 
importantly, even if the Kelvin waves greatly enhance the energy dissipation after reconnection, no change is 
seen in the angular momentum dissipation. This would explain why, at low temperatures, we need two effective 
dissipation coefficients: one for the energy and one for the momentum. This is observed in experiments on 
vortex front where the rotational motion of the front decouples from the external rotation reference frame. Our 
results also confirm the previous observations that the minimum distance between vortices scales approximately 
like d oc \/|r — /rec|> both before and after the reconnection event. The prefactor is somewhat larger after the 
reconnection, simply due to larger curvatures appearing on the vortex. 



I. INTRODUCTION 

Energy dissipation in the zero temperature limit is an essen- 
tial question in the field of quantum turbulence'^. Without 
quantized vortices helium superfluids would behave like an 
ideal Eulerian fluid. With zero viscosity turbulent boundary 
layer would not be formed and the fluid would exert no drag 
on particles. However, appearance of quantized vortices will 
break this ideal behavior and, in many cases, the superfluid 
behaves quasi-classically, similar to classical viscous fluids. 
In classical fluids the energy dissipation is due to viscosity. 
However, in superfluid helium C^He-II) the energy sink in the 
zero temperature limit is expected to be acoustic and appear- 
ing by phonon emission. In quantum fluids the vorticity is 
quantized in units of circulation quantum, and therefore the 
classical Kolmogorov-Richardsontype cascade can only work 
down to scales of order the intervortex distance. At smaller 
scales the Kelvin-wave cascade is expected to be the domi- 
nant dissipation, transferring the energy to scales where it can 
be eventually dissipated by emission of phonons''^"^. 

Reconnections are expected to play an important role in 
the energy cascade process, especially at scales or order in- 
tervortex distance, where the reconnections transfer the en- 
ergy from the three dimensional hydrodynamic motion to one 
dimensional Kelvin waves along vortices'. Reconnections 
also allow the system to be driven into a non-equilibrium 
steady state^. Also, a reconnection of two almost anti-parallel 
vortices has be shown to initialize a cascade of vortex loop 
generation''^, and this was argued to be the dominant dissi- 
pation mechanism for sparse tangle in the low temperature 
Umit^. 

At not too low temperatures the mutual friction (m.f.) dis- 
sipation is the dominant dissipation method which originates 
from scattering of quasiparticles from the vortex cores. At a 
reconnection event a vortex becomes strongly distorted and 
locally large velocities appear on the curved vortex, result- 
ing that the mutual friction dissipation is strongly increased. 
This motivated us to evaluate the extra dissipation induced by 
a single reconnection event using the vortex filament model. 



Our intention is not to try to evaluate the energy loss coming 
from the microscopic reconnection event. This is beyond the 
scope of the vortex filament model. Rather we try to evaluate 
how much the mutual friction dissipation is increased due to 
a single reconnection event. This may overestimate the dis- 
sipation occurring in complicate tangles where reconnections 
are frequent and there is not enough time for the m.f. to dissi- 
pate all energy, before the next reconnection occurs. This be- 
comes more pronounced at low temperatures where the decay 
time increases. However, as shown below, the reconnections 
increase the energy dissipation but no change is seen in the 
angular momentum dissipation. This observation should be 
valid more generally in case of vortex tangles. 



II. MODEL AND EQUATIONS 

Our calculations are based on the vortex filament model'", 
where all the characteristic scales are assumed to be much 
larger than the vortex coresize, aq- In superfluid ^He the core- 
size is only of order 0. 1 nm and a vortex can considered to be 
thin (line vortex). Within the vortex filament model (VFM) 
the superfluid velocity, Vj is simply given by the Biot-Savart 
law. At zero temperature the only force felt by the vortex, 
moving at velocity vl, is the classical Magnus force (per unit 
length), which is given by = K^Pslvs — vl) x §', where s' is 
the direction of the unit tangent at point s on the vortex. Term 
K ^ h/m4 = 0.0997 mm^/s is the circulation quantum for su- 
perfluid ^He. Since the mass of the vortex core can typically 
be neglected, every point on the vortex simply moves at a local 
superfluid velocity 
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As done by Schwarz'", we have removed singularity that ap- 
pears in the Biot-Savart integral, when trying to evaluate the 
superfluid velocity at some vortex point s, by introducing the 
local term (first term on the rh.s). Terms l± are the lengths of 
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the line segments connected to s after discretization, and the 
remaining Hne-integral is over the other segments, not con- 
nected to s. Term s", where the derivation is with respect to 
arclength, ^ , is the normal at s. 

At finite temperatures vortex motion couples with the mo- 
tion of the normal component. The mutual friction force (per 
unit length) felt by a vortex is given by 

WP-sK- = as' X S' X (Vs - Vn) + a's' X (Vs - Vn) , (2) 

where a and a' are temperature and pressure dependent mu- 
tual friction coefficients, whose values are rather well known, 
both in superfluid ^He and ^He-B. (Note that the results for 
this paper are calculated when a' = 0). This results that at 
finite temperatures the velocity of vortex point is given by 

Vl = Vs + as' X (Vn - Vs) - a's' X s' X (Vn - Vs) . (3) 

The power dissipated due to mutual friction can be calcu- 
lated as: 

fmf = /(VL • {mf)d^ = - y"(VL ' fM)^'^ (4) 

If we assume that normal fluid is at rest, Vn ~ 0, then eventu- 
ally one obtains that 

Pmf -apsK- J |s' X \s,\^d£, (5) 

The negative sign, which is typically omitted below, only in- 
dicates that the energy is dissipated. Since the mutual friction 
dissipation is the only dissipation considered here (in addition 
to numerical dissipation), the dissipation power could also be 
calculated from the time derivate of the kinetic energy for the 
superfluid component. However, the time fluctuations at low 
m.f. dissipation complicate the calculation of the derivate. 
Therefore, we prefer to calculate Pmf using Eq. (5). Results, 
if using the energy, are very similar In calculating the energy 
(£), momentum (P), and angular momentum (A) we may use 
line integral formulas ' ' : 

E = PsK^Vs • s X s'c/i^ 

P ^ PsK (j) sxs'dt, (6) 

A = PsK"^ s X s X s'c/^ . 

Our method of making a reconnection is similar to the ones 
used by other authors The traditional method is to re- 

connect vortices as soon as any two points become closer than 
some critical distance. This critical distance is typically taken 
to be of the order of the resolution. We calculate, not only the 
distances between the different vortex points, but keep track 
on the minimum distance between the vortex segments. (Be- 
tween neighboring points the vortex is assumed to be straight, 
standard assumption made within the filament model.) This 
distance can be smaller than the distance between the points 
only, and is more accurate if one would use more adaptive 
point separation where the maximum distance between the 
points is allowed to grow if the local radius of curvature is 
large. 



In these simulations the point separation is not adaptive, but 
is simply kept between A(^res/2 < A^ < A^res and the recon- 
nection is done if any two segments are closer than 0.4Ai^res, 
provided that the vortex length decreases in the reconnection 
event. The same restriction is also used by others. This ap- 
proximately corresponds that the energy must decrease. Nu- 
merically, this might not be visible in E (see e.g. the peak in 
Fig. 1) since the large curvatures and small distances compli- 
cate the accurate calculation of E. The reason for avoiding the 
adaptive point adjustment, even if it would speed up the sim- 
ulations, is to minimize the numerical errors: always when a 
point is added/removed energy is changed by a small amount. 
Naturally, this error could be totally eliminated by developing 
an energy conserving algorithm for adding/removing points . 

One should note that having a numerical scheme where the 
energy is too well conserved, might result a numerical bottle- 
neck near the resolution limit. This bottleneck would appear 
if the cascade from large scales to scales that cannot be re- 
solved is important. It would appear as fractalization of the 
vortex configuration with characteristic curvatures being of 
order the numerical resolution. This is not the case here. Even 
the calculations at zero temperature do not show any signs of 
accumulation of smallest scale structures, indicating that the 
Kelvin-wave cascade is not triggered by a single reconnection 
event, or that the cascade is much too small to be observed 
(in accordance with Baggaley & Barenghi'^, but in contrast to 
observations by Kivotides et al. '^). 



III. RESULTS 

Our starting configuration is two linked vortex rings, with 
radius R = \ mm, and which are separated by a distance of 
do = 0.1/?. The vortex rings are oriented such that the initial 
angle between them is 90°. The initial configuration, together 
with time development at T = (where a = a' = 0), is il- 
lustrated in Fig. 1. Using closed loops additionally enables 
us to conveniently evaluate the energy related to vortices by 
simply using the line-integration formulas, Eq. (6). The bot- 
tom part of Fig. 1 illustrates that the energy, linear and angu- 
lar momentum are well conserved in simulations and that the 
typical numerical error in energy, or in (angular) momentum 
is smaller than 0.1%. This implies that our numerical error 
is well below the total losses appearing in our finite temper- 
ature simulations. At finite temperatures the noise is actually 
smaller than in the zero temperature calculations, because mu- 
tual friction tends to stabilize numerics. Figure 1 also shows 
that the length is only an approximation for the energy and is 
not necessary constant at zero temperature. 

The most important observation obtained from the finite 
temperature simulations, where a > 0, is that even if the en- 
ergy dissipation is strongly increased by the Kelvin waves ap- 
pearing immediately after the reconnection, the momentum 
and angular momentum dissipation are barely affected. This 
is illustrated in Fig. 2, where the inset shows the time develop- 
ment of the energy, E, momentum, P, and angular momentum, 
A, when a = 0.01. In the main figure we have plotted the time 
derivates, Pnif — dE /dt, dP/dt, and dA/dt (scaled by their 
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FIG. 1. (Color online) Vortex reconnection at T = 0. Top panels il- 
lustrates the vortex configurations at t = (black), 1.695 (blue, just 
before reconnection), 1.70 (red), 1.75 (black), and 2.00 (green) sec- 
onds. The bottom panel illustrates the conservation of energy, E, 
momentum, P, and angular momentum, A, in numerical simulations 
together with changes in vortex length, L. Vortex reconnection oc- 
curs at / = 1 .695 s, which is seen in the small drop of the vortex length 
together with a spike in the energy that is due to numerical algorithm 
used for reconnections. The resolution used here is Ai^rcs = 0.0050 
mm. 



values at f = 0), using different values for a. As one can note, 
only the energy dissipation is strongly increased. The dissi- 
pation for A is barely affected by the reconnection and for P 
the dissipation is slightly decreased. The fast fluctuations near 
t = free are likely due to numerics since they are more sensitive 
to the resolution, while the overall behavior is not. 

The explanation for the weak dissipation of the momentum 
is the following: The sharp kink induced by the reconnec- 
tion induces Kelvin waves, but due to conservation of linear 
and angular momentum the Kelvin waves on different side of 
the kink must have opposite helicity (A:-vector of the Kelvin 
waves is directed away from the kink). Even if the change in 
momentum is finite on both sides on the original kink, the to- 
tal change of the momentum is zero because the changes have 
opposite signs. Now that the mutual friction starts to damp the 
Kelvin-waves, the changes in momentum have opposite signs 
on different regions. However, both sides contribute equally 
(with positive sign) to the energy dissipation, which is there- 
fore large, compared to the total momentum dissipation. 

The strong increase only in the energy dissipation should 
be valid more generally. It would indicate that in vortex tan- 
gles the effective dissipation for the energy can be much larger 



-1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1 

t-t [sJ 

rec 

FIG. 2. (Color online) Inset: Time development of energy, E, mo- 
mentum, P, and angular momentum. A, when a = 0.01 and a' = 0. 
The values are divided by the initial values at f = 0. Main figure: Dis- 
sipation rate for energy, P„,f = dE / dt (solid lines), momentum dP jdt 
(dashed) and angular momentum dA/dt (dash-dotted). The rates are 
again scaled by their respective values at ? = 0. The three different 
colors indicate the different values for a: 1 (red), 0.1 (magenta), and 
0.01 (blue). Note the logarithmic y-scale. 



than the dissipation for the angular momentum. Actually, this 
effect is recently seen in ^^He-B experiments with propagating 
turbulent vortex front In the zero temperature limit the 
front velocity is observed to saturate, being much larger than 
the laminar extrapolation. However, the dissipation of the an- 
gular momentum is observed to occur much more slowly, the 
rate approximately given by the laminar estimate i.e. m.f. co- 
efficient a. 

The poor dissipation of the angular momentum, might also 
explain why the spin-down of the vortex array in superfluid 
^He-B, even at low temperatures, occurs in laminar fashion'^. 
Turbulence, and much faster decay of the energy, is prevented 
by the conservation (or more precisely, much slower decay) 
of the angular momentum. Also, by introducing an additional 
torque on vortices, e.g. by having an extra AB-phase bound- 
ary, is observed to increase dissipation^". In superfluid ^He 
pinning is important and this may explain why the low tem- 
perature behavior is almost always considered to be turbulent. 
In the remaining part of the paper we try to evaluate, more 
quantitatively, the energy dissipation coming from a single re- 
connection event. 

The largest problem in evaluating the extra dissipation due 
to mutual friction originates from estimation of the dissipation 
without the reconnection disturbance. Especially the asymp- 
totic behavior after the reconnection is somewhat difficult to 
estimate properly. Well before the reconnection, dissipation 
comes from shrinking of two independent vortex rings and 
here the analytical estimation gives a rather good approxima- 
tion. However, the late time asymptotic after the reconnection 
is more difficult. At some point the configuration is closer to a 
single vortex ring, with somewhat larger radius than the initial 
ones, which eventually shrinks away. (Note that during these 



4 





10 

a(t-t )k/R' 



FIG. 3. (Color online) Mutual friction dissipation (blue) together 
with three different estimations for the laminar background dissipa- 
tion: linear extrapolation (red, largest), analytical estimation for two 
independent rings (black), and constant approximation (green, small- 
est). The main figure is for a = 0.1, and the inset is for a = 1. 



simulations the total length has dropped 20%, or less.) In the 
following we make use of the fact that the timescale related 
to simple shrinking of two initial rings (or the final perturbed 
ring) is much larger than the timescales related to decay of 
those small scale structures (Kelvin waves) induced by the re- 
connection event. 

In evaluating the extra dissipation we have used three dif- 
ferent methods to estimate the "background" dissipation. All 
these should overestimate the "true" dissipation. First and the 
largest estimation is a linear extrapolation before the recon- 
nection. Second estimation comes from analytical estimation 
of two independent vortex rings with small, of order 3%, ad- 
justment to correctly capture the initial dissipation. The third 
and the smallest estimation for the background dissipation 
is simply a constant dissipation taken from the initial value, 
P,i,f(0). All these estimations, which are illustrated in Fig. 3, 
should give the lower limit for the extra dissipation due to the 
reconnection because at later times the dissipation drops be- 
low these estimates. Also, the finite resolution underestimates 
the dissipation in the vicinity of the reconnection event, where 
the maximum curvatures are of the order of our resolution. 

Our simulations with different a indicate that the power 
dissipation takes a rather universal form, which can be ob- 
tained by scaling the times with a and the m.f. power with 
I /a. In other words the mutual friction dissipation power 
seems to be given by Pmf = af{at), with some function f{x). 
The prefactor comes quite naturally from Eq. (5), but the re- 
maining dependence on at only must be approximate, but can 
be attributed to the decay of independent Kelvin-waves whose 
amplitudes decay exponentially, the timescale being propor- 
tional to I /a. 

The approximate scaling is illustrated in Fig. 4, where we 
have plotted the scaled dissipation using several values of a, 
and with different resolutions. In the inset of Fig. 4 the ex- 
tra dissipation is plotted in case of a = 0.01 for five different 
resolutions (for the two highest resolution the initial configu- 



FIG. 4. (Color online) Scaled extra mutual friction dissipation power 
after the reconnection event. The nuiin panel illustrates the results 
when R = I mm with four different values of a: 1 (red), 0.1 (ma- 
genta), 0.01 (blue), and 0.001 (black), and with three different res- 
olutions: Ai^res = 0.020 mm (dash-dotted), 0.010 mm (dashed), and 
0.005 mm (solid). In the lower inset the extra dissipation with a 
= 0.01 is plotted with five different resolutions. The two additional 
resolutions (compared with the main panel) are 0.0025 and 0.00125 
mm. The upper inset illustrates the results with different initial ring 
radius: R = OA mm (blue, solid line), R = l.O mm (magenta, dash- 
dotted), R = 10 mm (red, dashed), using a resolution of Ai^jes/^ = 
0.020, and with a = 0.01, 0.10 and 1.00, respectively. 

ration was taken from lower resolution runs, slightly before 
the reconnection event). Even though the maximum dissi- 
pation just after reconnection increases steadily with resolu- 
tion, the integrated dissipation is almost invariant of the reso- 
lution. This is because at intermediate times the higher resolu- 
tion dissipation drops below the lower resolution results. The 
large time asymptotic s being very similar After the recon- 
nection, there exist a wide range of timescales where the dis- 
sipation function takes a form f{x) ~ Ax^^ with 7 « 0.6. The 
large time behavior (region, where the curves bend strongly 
down in Fig. 4) is sensitive to the approximation made for the 
background dissipation, but is consistent with the largest scale 
Kelvin waves damping exponentially. 

At high resolutions and with small mutual friction it be- 
comes numerically too challenging to sweep the same time 
window At / a, than what is required at high mutual friction 
and at low resolution to capture all the required dissipation 
process. In order to be able to compare different simulations 
more quantitatively, by using computationally more conve- 
nient time windows, we define the following energy: 

Er = f'" [Pmf(rrcc + - ^mf(0)]fl'r . (7) 

Jt=(.) 

Here we have used constant approximation for the back- 
ground, but for T <C 1 all three approximations used here give 
values that differ only by few percents. The total extra dissi- 
pated energy, E^^c, is obtained when the time integration ex- 
tends the whole region where Pmf(0 > ^mf^'(0- '^^^e of 
constant approximation P^'J'"^(r) — Pmf(O), used in Eq. (7), this 
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0.0100 
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TABLE I. Characteristic numbers from simulations at different a 
and with different resolutions A^res when the initial configuration is 
two linked rings with R = I mm and initial separation of 0.1 mm. 
Here t,„„;f is maximum time reached in our simulations and ?i-ec is 
the observed reconnection time. Term iife'c" is our estimation for the 
extra dissipation induced by the reconnection event using an approx- 
imation "appr" for the background dissipation (see text for details). 
Energy E^, defined by Eq. (7), indicates the extra energy dissipated 
during time At = t/a after the reconnection, using a constant ap- 
proximation for the background. All the lengths are measured in 
mm's and the times are in seconds. Energies are scaled by PsK^, 
which implies that they are also in units of mm's. For the starting 
configuration is taken from the lower resolution run A^res = 0.0050 
mm at / = 1.60 s. For ^' the initial configuration is taken from the run 
done at resolution A^ = 0.0025 mm at time t = 1.62 s. 



corresponds to a window where T w 0.8. 

The observed scaling law for the mutual friction dissipation 
also indicates that the Kelvin wave cascade is not important 
here. If the Kelvin cascade would become dominant at some 
a, then the cascade would transfer energy to smaller scales, 
where it would be damped more effectively by m.f., breaking 
the observed scaling law. Either the single reconnection event 
is not enough to initialize it (as argued already in Ref. 15), or 
the amount of mutual friction is still too high, such that the 
cascade is not resolved. Or, the finite size effects limit the 
cascade, such that it is not developed. Naturally, the small 
increase in £1=0.01 at smaller a's might be an indication that 
Kelvin cascade is raising it's head. However, since this in- 
crease is smaller than errors coming from the estimation of 
background dissipation, such conclusion is unjustified. 

The extra mutual friction dissipation, E^c, induced by the 
reconnection is rather independent of resolution and depends 
only weakly on a, as can be seen from Table I. Actually, the 
value for /Si-ec is more sensitive to the approximation used for 
the background dissipation than for the value a itself. The 
value for E^^c/ Ps^^ is about 0.5 mm. The energy per unit 
length for straight vortex is PsK'^ln(^/fl)/(47r) « PifC^, where 



i is some cut-off, typically taken as intervortex distance, or 
system size. Therefore, the dissipation corresponds to de- 
crease of length by about 0.5 mm. This is a rather big value. 
For example, the estimation for the energy released by sound 
emission, using the Gross-Pitaevskii equation, corresponds to 
decrease in length by few coherence lengths only^'. 

One should note that so far we have considered only a re- 
connection of two vortex rings with initial radius of 1 mm. 
Since the mutual friction works at every point on the vortex, 
where the Kelvin waves are rapidly distributed, the total en- 
ergy must depend on the size of the initial rings. This is ver- 
ified by repeating the calculations with rings of initial radii 
of 0.1 mm and 10 mm (see also Fig. 4). In these cases the 
dissipated energy is about ten times smaller and larger, re- 
spectively. This is well consistent with the approximate scal- 
ing satisfied by Eq. (3), as noted by Schwarz^: If lengths are 
scaled by a factor A, times by and velocities by 1/A then 
the motion is self-similar Only the weakly changing logarith- 
mic term (local term) breaks this scaling. The above indicates 
that the extra dissipated energy corresponds to about few per- 
cent of the vortex length, independent of initial ring size. 

In real vortex tangles, with lot of reconnections, the time 
window for the above energy dissipation is likely to be limited 
by the time between two reconnections occurring within some 
characteristic distance (e.g. intervortex distance). Similarly, 
the length, where the dissipation occurs might be (but not nec- 
essary) limited by the intervoitex distance. All this compli- 
cates the task in evaluating the reconnection induced dissipa- 
tion in more complicated vortex tangles, but the above values 
should clearly indicate that, at least with not too small a, the 
extra dissipation due to mutual friction can be much larger 
than the previous estimates coming from the sound emission. 

Our simulations also confirm the previous filament model 
calculations and experimental observations that the minimum 
distance between the vortices behave approximately as d„,j„ = 
Ay^K\t — free I both before and after the reconnection^^"^^ This 
is shown in Fig. 5. In our case the prefactor A is about ten 
times bigger after the reconnection than before, reflecting the 
larger curvatures appearing on the vortex. In classical flu- 
ids and in calculations using the Gross-Pitaevskii equation 
the reconnection is observed to be time asymmetric: dmm = 
A\t — trec\^ , where j3 has different value before and after the 
reconnection^^-^^ . 

Also, by simply looking at the vortex configuration, one 
could qualitative argue that a reconnection event induces an 
inverse Kelvin-wave cascade. Kelvin waves immediately af- 
ter the reconnection are at small scales, while at somewhat 
later time they have much larger amplitude and wavelength. 
This is consistent with ideas presented by Svistunov about the 
relaxation of the vortex angle ' . However, the accurate identi- 
fication of the Kelvin waves on a nontrivial configuration, is 
not a simple task and can result in unexpected errors^'. This 
results from the fact that generally the Kelvin waves are not 
well defined except in case of straight vortex or a simple ring. 
Therefore we have not tried to identify Kelvin waves more 
quantitatively. 



6 



10* 








10"' 






-10"' 






10 






lo"* 10 ' loVx/ 























10 ' 10 ' lO"* 10'' 10'" 10"' 10° 

lt-t,,J [s] 

FIG. 5. (Color online) Minimum distance observed in the recon- 
nection event. The lower group of curves describe the times before 
the reconnections and the upper ones the behavior after the recon- 
nection. The main figure illustrates the distance when a = 0.01 us- 
ing five different resolutions; ^t,res = 0.020 mm (red), 0.010 mm 
(magenta), 0.005 mm (blue), 0.0025 mm (black), and 0.00125 mm 
(green). The dashed lines are guides to the eye such that for t < free, 
dmin = \J )f(?i-ec -0/16, and for f > f,ec, dmin = \J%K{t-Uti)- In 
the inset we have the results using the resolution of lst,„s = 0.005 
mm but with different a's: I (red), 0.1 (magenta), 0.01 (blue), 0.001 
(black) and 0.000 (green). 



IV. CONCLUSIONS 

Our simple case of two reconnecting vortex rings indicates 
that the Kelvin waves that appear after the reconnection event 



are efficient in dissipating energy, but are much less ineffi- 
cient in dissipating the angular momentum. This is observed 
in the measurements of the turbulent vortex front at low tem- 
peratures, where the front velocity (related to the energy dis- 
sipation), is much bigger than the laminar estimate, but the 
rotation velocity of the vortex array behind the front drops 
well below the rotation velocity of the cell'^ '^. This later de- 
coupling from the external rotating reference frame is an indi- 
cation that at low temperatures the angular momentum dissi- 
pation is much smaller than the energy dissipation and might 
even vanish in the limit of zero temperature, at least if pinning 
or surface friction is neglected. 

Our numerical estimates for the extra mutual friction dis- 
sipation indicate that a single reconnect event can dissipate 
energy that corresponds to a few percent of the vortex length. 
This is much larger value than estimations coming from the 
sound emissions^'. In real vortex tangles dissipation is ex- 
pected by be smaller, because it is likely limited by the time 
between reconnections, intervortex distance, polarization etc. 
In the zero temperature limit the time required for mutual fric- 
tion to dissipate enough energy diverges. In that limit the 
Kelvin-wave cascade and emission of sound should become 
the dominant dissipation mechanism. 
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